The interpretation of adenosine stress myocardial computed tomography perfusion (CTP) is often hampered by image artefacts caused by cardiac motion, beam hardening, and cone beam. The aim of the present analysis was to assess the influence of the heart-rate response during adenosine infusion, patient characteristics, and medication use on the interpretability of stress myocardial CTP examinations.
Introduction
Recent studies demonstrated that the combination of coronary computed tomography (CT) angiography (CTA) and stress myocardial CT perfusion (CTP) improved the diagnostic accuracy for the detection of haemodynamically significant lesions compared with coronary CTA alone. 1, 2 For the acquisition of stress myocardial CTP, administration of a pharmacological vasodilator agent is required, of which adenosine is the most commonly used. Adenosine can cause a significant heartrate increase, possibly due to an inhibitory effect on cardiac vagal tone and an activation of the cardiac sympathetic tone. 3 However, from coronary CTA it is known that heart rate is a major determinant of image interpretability. 4 Therefore, heart-rate reduction below a threshold of 60 beats per minute (bpm) is recommended to obtain optimal image quality by limiting motion artefacts. 5 Furthermore, higher heart rates during scanning result in higher radiation doses. 6 Whether a higher heart rate during stress myocardial CTP relates to worse image interpretability is currently unknown. Moreover, the effect of patient characteristics and medication use on image interpretability is uncertain. Therefore, the aim of the present analysis was to assess the influence of the heart-rate response during adenosine infusion, patient characteristics and medication use on the interpretability of stress myocardial CTP examinations.
Methods Patients
The study population consisted of patients who were clinically referred for evaluation of chest pain syndrome from March 2013 to March 2015. Until March 2014, all patients underwent both coronary CTA and stress myocardial CTP. Afterwards, a stress myocardial CTP was only performed if ≥50% stenosis was observed at coronary CTA. Contraindications for stress myocardial CT were presence of atrial fibrillation or other arrhythmias, advanced atrioventricular block, renal insufficiency (glomerular filtration rate ,60 mL/min/1.73 kg/m 2 ), known allergy to iodinated contrast agents or bronchospastic lung disease requiring long-term steroid therapy. Excluded for the present analysis were patients with an arrhythmia during scanning, presence of a pacemaker or implantable cardioverter defibrillator, and the acquisition of coronary CTA and stress myocardial CTP on different days. Clinical data were prospectively entered into the departmental electronic information system (EPD-Vision & , Leiden University Medical Center, The Netherlands) and retrospectively analysed. According to the Dutch law, no Institutional Review Board approval is required for this retrospective analysis of clinically acquired data.
Cardiac CT acquisition
Coronary artery calcium (CAC) score, coronary CTA and stress myocardial CTP were performed on the same day with a 320-row detector CT scanner (Aquilion ONE, Toshiba Medical Systems, Otawara, Japan). First, the CAC scan was performed followed by coronary CTA and stress myocardial CTP. The cardiac CT imaging protocol is depicted in Figure 1 . The regime in our hospital is to pre-treat patients with a daily morning dose of 50 mg metoprolol retard 2 days prior and at the day of acquisition. The effective radiation dose was calculated by multiplying the dose-length product by 0.014 mSv/mGy/cm. 7 
Coronary CTA acquisition
Patients were required to fast for 3 h and abstain from caffeine 24 h prior to the scan. All participants were clinically evaluated 1 h before the coronary CTA by measuring patient's heart rate and blood pressure. Patients with heart rates above 60 bpm received additional 25 -150 mg metoprolol, unless contraindicated (hypotension, advanced atrioventricular block, or severe obstructive pulmonary disease). If, during the scout images, the heart rate remained above 60 bpm, up to 15 mg of intravenous (IV) metoprolol was administrated additionally. First, a lowdose non-contrast enhanced scan was acquired to calculate the CAC score and to assess the needed coverage (120 -160 mm) of the heart depending on its craniocaudal length. Peak tube voltage was between 100 and 135 kV and tube current between 140 and 580 mA, depending on body habitus. The detector collimation was 320 × 0.5 mm, gantry rotation time 350 ms, and temporal resolution 175 ms. Sublingual nitroglycerine (0.4 mg) was administrated before the coronary CTA acquisition in the absence of contraindications. Contrast agent (Iomeron 400, Bracco, Milan, Italy) was injected IV in a triphasic injection protocol: first, 50 -90 mL (depending on patient weight) contrast agent (flow rate 5-6 mL/s), followed by 20 mL of a 1:1 mixture of contrast and saline and finally 25 mL of saline (flow rate 3 mL/s). Prospective ECG triggering was used to scan 70 -80% of the R -R interval. In patients with a heart rate .65 bpm, 30 -80% of the R -R interval was scanned to allow for reconstructions of both the diastolic and systolic phases of the cardiac cycle. Real-time bolus tracking was performed in the descending aorta, with a threshold of 300 Hounsfield Units (HU).
Stress myocardial CTP acquisition
At least 20 min after finishing the coronary CTA, adenosine (0.14 mg/ kg/min) was administered IV during continuous ECG monitoring. Four minutes after adenosine infusion contrast agent was administrated.
Once the target threshold of 300 HU was reached in the descending aorta, stress CTP images were acquired the next heart beat scanning 80 -99% of the R -R interval. The tube settings, injection protocol, and the amount of contrast agent were the same as for the coronary CTA.
Image reconstruction and analysis of stress myocardial CTP All images were analysed and interpreted by two trained observers (reading experience of 360 examinations for each observer) with dedicated post-processing software (Vitrea FX 6.5; Vital Images, Figure 1 Cardiac CT imaging protocol. bpm, beats per minute; CTA, computed tomography angiography; CTP, computed tomography perfusion; HR, heart rate; IV, intravenous; NTG, nitro-glycerine.
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Minnetonka, MN). The observers of stress myocardial CTP examinations were blinded to the coronary CTA examinations. Phases were reconstructed every 2% of the scanned interval. Data were arranged in the short axis, vertical long axis, and horizontal long axis with a slice thickness of 3 mm. All available phases were analysed and the phase with the best image quality was selected and interpreted according to the 17-myocardial segment model. 8 A narrow window width and level setting (W300/L150) were used. The observers were allowed to adjust the display settings after the initial exploratory reading. Each segment was scored for the presence of perfusion defects. In case of an abnormal scan, all phases were examined to better differentiate between potential artefacts and perfusion defects. The persistence of a hypo-enhanced area in multiple phases suggest a perfusion defect, as motion artefacts usually do not persist in multiple phases ( Figure 2 ). 9 The presence of the following artefacts was scored: cardiac motion artefact, beam hardening artefact and cone beam artefact. Motion artefacts (cardiac or respiratory) were defined as haziness or doubling of the endocardial or epicardial margins leading to focal areas of low attenuation alternating with high attenuation. 9 Beam hardening artefacts appear as triangular, transmural hypo-enhanced areas that do not follow the distribution of the coronary arteries, and are close to a structure with high attenuation.
Cone-beam artefacts are low-or high-attenuated bands that continue outside the cardiac silhouette and are most often located in the inferior wall. An examination could show multiple types of artefacts. Image interpretability was scored as follows: excellent ¼ absence of any artefact; good ¼ presence of artefacts that do not interfere with the study interpretability; fair ¼ artefacts that do interfere with interpretability; poor ¼ uninterpretable due to artefacts. 9 Examinations categorized as 'fair' were scored diagnostic or non-diagnostic for diagnosis of perfusion abnormalities.
Recording heart rate
Patient's heart rates were recorded at three time points. First, 1 h before the acquisition of CAC score and coronary CTA (hence, before administration of additional beta blocker), second, while scanning the coronary CTA, and third, while scanning the stress myocardial CTP.
Statistical analysis
Continuous variables were depicted as mean + SD or median with interquartile range (IQR: 25 -75%), as appropriate. Normally distributed variables were compared with the independent-samples t-test for two groups and with one-way analysis of variance for more than two groups. Non-normally distributed variables were compared with the Mann -Whitney U test for two groups and with the Kruskall -Wallis test for more than two groups. Categorical variables were depicted as number and percentage and compared with the x 2 test. First, patient characteristics and heart-rate parameters were compared between the stress myocardial CTP image interpretability categories. Secondly, these parameters were compared between patients with a heart rate during stress myocardial CTP above and below 85 bpm. The reason for this cut-off value is explained in the results section. Univariate logistic regression analysis was performed to evaluate the effect of multiple parameters on the presence of a heart ≥85 bpm during stress myocardial CTP acquisition. Univariate associates with a P-value ,0.10 were introduced in a multivariate regression model. Values were expressed as odds ratios (OR) with 95% confidence intervals (CIs). A P-value ,0.05 was considered statistically significant. All statistical analyses were performed with the use of IBM SPSS Statistics software (version 20, IBM Corp, Armonk, NY, USA).
Results

Patients
In total, 129 patients underwent coronary CTA (i.e. rest myocardial CTP) followed by stress myocardial CTP. Of these, nine (7%) patients were excluded due to a pacemaker (n ¼ 2), failure of adequate contrast timing during the stress myocardial CTP acquisition (n ¼ 3), unable to record heart rate (n ¼ 1), a tachyarrhythmia (n ¼ 1), and the performance of one of both scans on a different day (n ¼ 2). Therefore, 120 patients were included in the present analysis.
Patient characteristics related to stress myocardial CTP interpretability
Eighty-two (68%) of all examinations showed cardiac motion, 1 (1%) respiratory motion, 2 (2%) beam hardening, and 11 (9%) cone beam artefacts. Twenty-seven (22%) stress myocardial CTP scans were classified as 'excellent', 56 (47%) as 'good', 35 (29%) as 'fair', and 2 (2%) as 'poor' ( Table 1) . In total, 13 (11%) stress CTP scans were considered non-diagnostic. To facilitate accurate comparison, category 'fair' and 'poor' were merged into 'reduced', which incorporated 37 (31%) stress myocardial CTP scans. Concerning the patient characteristics, the mean age was 59.7 years + 9.8 and 52% were male. No significant differences were observed between the image interpretability classifications for age, body mass index (BMI), gender, presence of risk factors for CAD, and baseline medication use.
Parameters related to stress myocardial CTP interpretability categories, the heart rate before and the heart rate during the coronary CTA were comparable. Figure 3 depicts the mean heart rate during stress myocardial CTP in relation to image interpretability. Increasing heart rate was related to worse stress myocardial CTP interpretability (excellent: 61.7 + 13.4 bpm vs. good: 69.8 + 13.5 bpm vs. reduced: 78.1 + 17.0 bpm, P , 0.001). If the heart rate was below 75 bpm during stress myocardial CTP scanning, 23% of the studies were 'reduced' interpretable. Above 80 and 85 bpm, respectively, 50 and 76% of the stress myocardial CTP scans were 'reduced' interpretable ( Figure 4) .
Any beta-blocker use (baseline use or additional administration) tended to be more frequent in 'good' (89%) vs. 'reduced' interpretability (70%), overall P ¼ 0.056. Moreover, in a direct comparison with 'reduced' interpretability, any beta-blocker use was significantly higher for 'good' interpretability, P ¼ 0.020. Effective radiation dose was comparable for patients with worse image interpretability [excellent: 2.5 mSv (1.5 -3.6) vs. good: 3.2 mSv (2.3 -5.0) vs. reduced: Because of the high percentage of 'reduced' interpretable scans during acquisitions with heart rate ≥85 bpm, the influence of patient characteristics and heart-rate parameters to the presence of a heart rate ≥85 bpm during stress myocardial CTP acquisition was assessed (Tables 3 and 4) .
Patient characteristics related to heart rate above and below 85 bpm during stress myocardial CTP Seventeen (14%) scans were performed during a heart rate ≥85 bpm and 103 (86%) ,85 bpm ( Table 3) . Patients with a heart rate ≥85 bpm during stress myocardial CTP less frequently used a beta blocker at baseline (29 vs. 54%, P ¼ 0.049), tended to be younger (55.7 + 9.7 years vs. 60.5 + 9.7 years, P ¼ 0.059), and tended to use a calcium antagonist more frequently (12 vs. 29%, P ¼ 0.054).
Parameters related to heart rate above and below 85 bpm during stress myocardial CTP
In patients with a heart rate ≥85 bpm during stress myocardial CTP acquisition, the heart rate during coronary CTA (i.e. rest myocardial CTP) scanning was significantly higher (61.2 + 8.3 vs. 56.8 + 8.0 bpm, P ¼ 0.040) and the use of any beta blocker was less frequent (59 vs. 86%, P ¼ 0.006) ( Table 4) . Multivariate regression analysis demonstrated that age (OR: 0.92, P ¼ 0.021), no use of any beta blocker (OR: 0.14, P ¼ 0.004), increasing heart rate during coronary CTA (OR: 1.09, P ¼ 0.027), and the use of a calcium antagonist (OR: 6.48, P ¼ 0.017) were independently associated with a heart rate ≥85 bpm during stress myocardial CTP ( Table 5) .
The use of beta blocker did not significantly reduce the heart-rate increase itself during adenosine infusion (18.5 + 15.1 vs. 11.9 + 15.9 bpm, P ¼ 0.085).
Discussion
The present study investigated the influence of heart rate, medication use, and patient characteristics on image interpretability of Interpretability of stress myocardial CTP stress myocardial CTP examinations. We demonstrated that increasing heart rate during the acquisition of adenosine stress myocardial CTP is related to worse image interpretability. When the heart rate exceeded 85 bpm, the majority of the stress myocardial CTP studies were 'reduced' interpretable. No beta-blocker use prior to and increasing heart rate during coronary CTA, younger age, and the use of calcium antagonist were independently associated with the presence of a heart rate .85 bpm during stress myocardial CTP acquisition. Values are mean + SD, median (IQR), or n (%). ACE-I, angiotensin converting enzyme-inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CAC, coronary artery calcium; CAD, coronary artery disease; CTP, computed tomography perfusion. Table 4 CT acquisition parameters related to heart rate during stress myocardial CTP Heart rate ≥85 (n 5 17)
Heart rate <85 (n 5 103)
P-value
Heart rate 1 h prior to coronary CTA 
Adenosine stress myocardial CTP and image artefacts
The assessment of myocardial perfusion by cardiac CT is based on the first pass transit of contrast agent from the coronary arteries to the myocardium. As demonstrated by George et al., 10 haemodynamically significant coronary lesions cause myocardial hypoattenuation due to reduced contrast agent accumulation during adenosine stress. Static stress myocardial CTP allows assessment of a single snapshot of myocardial contrast attenuation of the entire left ventricle during first pass contrast-enhancement. 11 Timing of acquisition is crucial, as the maximum attenuation difference between ischaemic and non-ischaemic myocardium ranges only from 15 to 77 HU, and is only present from 24 to 32 s after injection of the contrast agent. 12 Furthermore, stress myocardial CTP examinations often show artefacts (caused by beam hardening, cardiac motion, and cone beam) that mimic or mask myocardial perfusion defects and hamper accurate interpretation. The importance of beam hardening in CT myocardial perfusion imaging was evaluated earlier by Rodríguez-Granillo et al. 13 who demonstrated that the mean myocardial signal density at the postero-basal myocardial segments was significantly lower compared with the basal, mid-, and apical myocardium (53.5 + 35.1 HU vs. 97.4 + 17.3 HU), as a result of beam hardening. Moreover, cardiac motion artefacts, which arise from insufficient temporal resolution and higher heart rates, may influence the interpretation of myocardial contrast-enhancement. Our results demonstrated that the interpretability of the stress myocardial CTP examinations was reduced by artefacts in 33% (31% 'fair' and 2% 'poor'), and that 13 (11%) were non-diagnostic, mainly due to cardiac motion. In these scans, assessment of multiple cardiac phases could not clearly differentiate perfusion defects or normal myocardial enhancement from artefacts. In contrast to the reported high prevalence of beam hardening, motion artefacts were the key factors to reduce image interpretability in our analysis. 13 Perfusion defects are mainly subendocardial, persist through multiple cardiac phases, and follow the coronary vasculature and could, therefore, often be distinguished from beam hardening artefacts, which appear as transmural, triangular regions of hypo-perfusion that do not follow the coronary vascular bed. 9 This clarifies why beam-hardening artefacts might be highly present but do not have much influence on image interpretability.
Other studies that focused on image quality in stress myocardial CTP images, reported image noise and contrast-to-noise ratios. 14, 15 The current analysis focused on image interpretability instead of image noise. Examinations may be of reduced quality due to the presence of several minor artefacts, but can still be good interpretable by the assessment of multiple cardiac phases. Therefore, stating whether interpretation is hampered by artefacts provides valuable clinical information regarding the certainty of reporting about normal myocardial enhancement, ischaemia, and infarction.
Image interpretability and heart rate
Heart rate during the acquisition of the stress myocardial CTP examinations was the major contributor to image interpretability, illustrated by the fact that 76% of the scans performed with a heart rate ≥85 bpm were 'reduced' interpretable. The mean heart rate during adenosine infusion was 70.5 + 15.7 bpm, which includes an increase of 13.0 + 15.9 bpm compared with the heart rate at coronary CTA (prior to adenosine administration). The heart rate increasing effect of adenosine (a non-selective A 2 receptor agonist) is still not fully elucidated, but could be partly due to the release of autonomic neurotransmitters that decrease cardiac vagal tone and increase sympathetic tone. 3 Besides adenosine, regadenoson and binodenoson (both selective A 2A receptor agonists) are valid pharmacological stress alternatives that entail less side-effects and are already used in nuclear myocardial perfusion imaging 16, 17 Nevertheless, Dhalla et al. 18 showed that regadenoson directly stimulated the sympathetic nervous system which leaded to a twofold increase in serum norepinephrine and epinephrine, potentially resulting in severely increased heart rates. This was confirmed by Hage et al. 19 who reported a higher heart rate response for regadenoson compared with adenosine administration in diabetic and non-diabetic patients. Sequential coronary CTA and stress myocardial CTP acquisition
Adequate heart-rate reduction prior to coronary CTA was obtained in our analysis (mean heart rate 57.5 + 8.2 bpm) by frequent use of beta blockers (83%). Low patient's heart rate and beta-blocker use prior to coronary CTA were also important factors to lower the heart rate during stress myocardial CTP scanning: in patients with a heart rate ,85 bpm during stress scanning, the heart rate during coronary CTA acquisition was significantly lower (56.8 + 8.0 vs. 61.2 + 8.3 bpm, P ¼ 0.040), and more patients received beta blockers (86 vs. 59%, P ¼ 0.009). Furthermore, heart rate during coronary CTA and beta-blocker use were independent determinants for heart rate during stress scanning.
To preserve image interpretability, these findings encourage a one-day rest-stress protocol, as heart rate during stress myocardial CTP acquisition can be beneficially influenced by parameters during the coronary CTA. Moreover, physicians may be advised to pursue heart rates even below 55 -60 bpm and always administer beta blocker prior to coronary CTA, aiming to achieve lower heart rates during stress myocardial CTP acquisition.
Higher age was independently related to lower heart rate during stress myocardial CTP acquisition. A blunted heart-rate response to adenosine with increasing age has been shown previously and could be explained by decreased heart-rate variability or autonomic neuropathy in the elderly. 19, 20 The independent effect of calcium antagonist, of which 82% was a dihydropyridine, on heart rate may be caused by its increasing effect on the sympathetic nerve system, which could be emphasized during adenosine infusion. 21 Possibly, non-dihydropyridine calcium antagonists provoke less heart-rate increase, as they have less systemic vasodilating effect causing reflex tachycardia. 22 Heart-rate increase during adenosine was not significantly lowered by beta-blocker use (18.5 + 15.1 vs. 11.9 + 15.9), which is in line with previous findings. 3, 23 In contrast to adenosine, heart-rate increase due to regadenoson may be more sensitive to beta blocker. As demonstrated by Zhao et al., 24 the regadenoson induced heart-rate increase was reduced by 55% with the use of metoprolol in dogs, possibly by partly abolishing the sympathetic stimulation of regadenoson.
Limitations
The relatively small number of patients is a limitation of the current study. The use of beta blockers before stress testing is a debated topic, as it may reduce the hyperaemic myocardial blood flow and therefore the sensitivity to detect myocardial ischaemia. 25 Regarding stress myocardial CTP, this issue should be investigated in future studies. A 320-row CT scanner with a temporal resolution of 175 ms was used in this study. Possibly, the interpretability of stress myocardial CTP studies acquired during a high heart rate could be different when using scanners with higher temporal resolution. Finally, the interpretability of stress myocardial CTP examinations was scored blinded to the coronary CTA data.
Conclusions
Higher heart rate during the acquisition of stress myocardial CTP was related to worse image interpretability. Secondly, when using a rest-stress protocol, increasing heart rate during and the use of beta blocker prior to coronary CTA (i.e. rest myocardial CTP), younger age, and use of calcium antagonist were independently associated with a heart rate ≥85 bpm during stress myocardial CTP. These observations stress the need for proper heart-rate lowering with beta blocker before coronary CTA to reach a lower heart during stress myocardial CTP and optimize image interpretability.
